Electrocaloric device structures have been developed as multilayer ceramics (MLCs) based on fundamental research carried out on PMN-8PT bulk ceramics. Two different MLC structures were prepared with nine layers each and layer thicknesses of 86 µm and 39 µm. The influence of the device design on its properties has been characterized by microstructural, dielectric, ferroelectric, and direct electrocaloric measurement. For direct characterization two different methods, i.e. temperature reading (thermistor and thermocouple) and heat flow measurement (differential scanning calorimetry), were used. A comparison of results revealed a highly satisfactory agreement between the different methods. This study confirms that MLCs are promising candidates for implementation into energy-efficient electrocaloric cooling systems providing large refrigerant volume and high electrocaloric effect (ECE). Due to their micron-sized active layers, they allow for the application of high electric fields under low operation voltages. We measured a maximum electrocaloric temperature change of ΔT = 2.67 K under application/withdrawal of an electric field of ΔE = 16 kV mm -1 , which corresponds to operation voltages below 1.5 kV.
I. INTRODUCTION
The electrocaloric effect (ECE), defined as an isothermal entropy or adiabatic temperature change of a dielectric material under application or removal of an electric field, 1 was discovered in 1930. 2 The ECE has gained much scientific interest, when Mischenko et al. reported a giant electrocaloric effect in 2006. 3 Today, different caloric effects, such as magneto-, baro-, and electrocaloric are seen as promising solutions for future solid-state cooling devices, providing highly efficient and environmentally friendly cooling systems. 4 Although magnetocaloric cooling is the most mature technique, it requires the application of huge magnetic fields from expensive rareearths-containing magnets. ECE cooling on the other hand, uses cheap and readily available materials and has the potential to be significantly more efficient than the current vapor-compression technology. 1 Hence ECE cooling offers an energy-efficient and environmentally-friendly alternative to current cooling technologies, which are already responsible for over 10% of carbon emissions, and could be key to meeting the emission targets set at COP21 in 2015. This study addresses the two main challenges that stifle the progress of ECE cooling: The inability to apply high enough electric fields to bulk materials and the lack of reliable direct measurement reports.
One of the most investigated material system is the relaxor ferroelectric lead magnesium niobate-lead titanate (PMN-PT). It is well known for its good EC properties and shows large EC temperature changes ΔTEC for compositions around the morphotropic phase boundary (30-35% PbTiO3-content). 5, 6 However, the maximum electrocaloric effect in morphotropic compositions takes place well above 100 °C. Another well-studied composition is 0.90 Pb(Mg1/3Nb2/3)O3-0.10 PbTiO3 which typically shows electrocaloric strengths ΔT/ΔE between 0.15·10 -6 and 0.24·10 -6 K m V -1 at temperatures below 100 °C.
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Here, we consider the composition of 0.92 Pb(Mg1/3Nb2/3)O3-0.08 PbTiO3 (PMN-8PT) with a temperature of maximum permittivity Tm around 30 °C and temperature of depolarization well below room temperature 7 . This makes it a suitable material for application in Li-battery cooling at temperatures around 40 °C. PMN-8PT shows the relaxor-typical broad, frequency-dependent peak of permittivity versus temperature and slim hysteresis loops.
Furthermore, finite non-zero values of field-induced polarization above the transition temperature are retained.
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The ECE also strongly depends on the intensity of the applied electric field following ΔTEC ~ E K m V -1 ). [16] [17] [18] In this work, we investigate MLC device structures based on PMN-8PT. A ΔTEC of 0.21 K (ΔE = 2.1 kV mm -1 ;
ΔT/ΔE ~ 0.10·10 -6 K m V -1 ) has been measured in our previous work using sheath thermocouple. 19 MLCs with the same material composition. 21 The aim of the here considered investigations is to determine the influence of direct measurement techniques on the ECE of PMN-8PT MLCs. A recent review revealed, that still only 13 % of all published ECE data are measured directly 22 and there are many different methods for direct ECE characterization described in literature 23, 24, 17, [25] [26] [27] .
The doubts over the reliability of the indirect methods makes paramount the importance of direct measurements.
Therefore, we here use four different measurement set-ups on samples from the same batch in order to compare the results obtained by the different methods. Measured data is presented and differences between the measurement methods will be discussed. Moreover, microstructural, dielectric and ferroelectric properties are investigated.
II. EXPERIMENTAL PROCEDURE
The MLC preparation as well as microstructural and electrical characterization can be found in detail elsewhere. 19 The direct electrocaloric temperature change was measured by thermocouple (TC), thermistor (TR), quasiadiabatic calorimetry (AC), and deduced from differential scanning calorimetry (DSC) direct heat measurement.
For TC measurement, electrode wires and type K thermocouple with a thickness of 25 µm were attached directly to the MLC using Kapton ® tape. The pulse time in these measurements was 2.5 s with 0.125 s rise/fall time.
Measurement results have been taken under decreasing electric fields. The TC measurement set-up is described in detail elsewhere. 28 For TR, direct reading of the temperature change due to the application and removal of an electric field was achieved by the attachment of a small bead thermistor (PSB-S9, Shibaura Electronics CO., LTD., Japan) on the sample surface. A temperature-controlled chamber ensures isothermal conditions with a temperature stabilization of 0.002 K. Copper wires were glued with silver varnish to the sample for connection with the high voltage source (High Voltage Amplifier 610E, Trek Inc., USA). The electric field is applied within a time span of 0.001 s to ensure adiabatic conditions. A detailed description of the measurement set-up can be found elsewhere. 29 The DSC measurements were performed with an in-house-modified differential scanning calorimeter (DSC 200 F3, Netzsch, Germany), as described elsewhere. represents the heat capacity of each subsystem, which is in contact with the sample (i.e. total MLC sample, conductive silver, alumina glue, copper wires) and Cp EC represents the heat capacity of the MLC sample covered by the electrode (active MLC part). 31 The temperature dependent correction factor used for the AC method was 1.232 to 1.285 in the observed temperature range. The relative permittivity εr and the dielectric loss factor tan δ measured in dependence of temperature as well as the ferroelectric hysteresis loops (P(E)) measured at room temperature are displayed in Figure 2 .
III. RESULTS AND DISCUSSION
The results show a broad curve progression of εr in dependence of temperature with a frequency dependent maximum. It confirms the relaxor behavior of PMN-8PT. The maximum permittivity εr,max ~ 21'000 at a temperature of maximum permittivity Tm = 31.3 °C at 1 kHz is comparable to values obtained on undoped PMN-8PT bulk ceramics. 32 The dielectric loss factor tan δ at Tm is 0.031. Small deviation of dielectric properties of
MLCs are assumed to result from silver migration from the inner electrodes, leading to values analogous to silver doping. We already published data on PMN-8PT MLCs based on direct EC measurements performed with a sheath thermocouple (ΔTEC,max (2.1 kV mm -1 ) = 0.21 K). 19 They showed a strong deviation from literature and bulk material data deduced from modified DSC (ΔTEC,max (2 kV mm -1 ) = 0.58 K). 19, 32 The reason for the deviations can be found in the inferior heat transport through the thermocouple casing and thermal losses because of the nonadiabatic measurement set-up.
In order to provide reliable data for ECE properties on MLC samples, different direct measurement set-ups were tested on samples of the same batch. The single measurement values are depicted in Figure 3 and Figure 4 .
Measurements using thermocouples for direct temperature reading were performed in a short time span. The electric field was applied within 6 s and held for 2 s (TC) and 10 s (AC), respectively. For AC, absence of cooling under the electric field is evidence of the excellent insulation of the measurement set-up. The faster response of the TC measurement is mainly due to the small thermal mass and good thermal connection between sample and temperature sensor.
Single measurements using TR and DSC were carried out in a longer time span, up to 30 min. After application of the electric field, stabilization of the ambient temperature was required. TR measurement also showed a good ). With increasing electric field, the results from TR and AC measurements are slightly lower compared to data from DSC and TC measurements which both show good agreement independent of the applied electric field. At 8 kV·mm -1 we observed a maximum ΔTEC of 1.6 K around 80 °C (DSC, TC), but only 1.4 K with the TR set-up. Since all samples were taken from the same batch, the reason for this deviation could be an inferior heat transfer from the sample to the TR due to the glass insulating layer of the thermistor bead. Lower values from AC measurement can also be explained by an additional layer between the thermocouple and the sample surface. Here, the alumina glue, used to fix the thermocouple, disables direct contact to the sample and thus hampers the heat transfer. The AC temperature change of the participating subsystem ∆TEC,
i.e., the part of the MLC sample covered with the electrodes is determined by taking into account the geometry of the system and the heat capacities of its components as described by Rožič et al. 31 A compilation of advantages and shortcomings of the different utilized characterization methods can be found in
Fehler! Verweisquelle konnte nicht gefunden werden., which also shows specific characteristics like measurement temperature range Tmeas, response time tres, and temperature resolution RT. For TC measurement fast response times were achieved by using a thermocouple with a small thermal mass. Hence, short electric field pulses were used and combined with relatively long rise/fall times to prevent the samples from damage. Similar time spans were employed using the AC measurement. The set-up showed a good thermal insulation, but due to the additional alumina layer between the thermocouple and the sample the heat transfer is hindered. The isothermal DSC measurement allows for sensitive detection of enthalpy changes and good temperature resolution but since it is only a quasi-direct method, the temperature and field dependent heat capacity would be needed to determine the EC temperature change appropriately. Furthermore, the commercial DSC is expensive and has to be modified to allow for the application of electric field to the sample. TR measurement, utilizing a high resolution calorimeter, and DSC both require large time spans to stabilize the measurement temperature. The resulting long electric field pulses, which can be reduced for TR method, could cause additional damage to the sample at higher electric fields.
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For both, TR and TC measurement, significant corrections become necessary with increasing inactive volume of the set-up. That means if the influence of electrical contacts, temperature sensors or inactive material becomes large compared to the active EC material (e.g. for thin films). The field dependence of ECE at 80 °C is shown in Figure 6 . The ΔT ~ ΔE 2/3 dependence at high electric fields published by Lu et al. 11 could be confirmed for PMN-8PT MLCs with the different measurement set-ups. The temperature dependent ECE measurement at different electric fields ( Figure 7 ) was taken from the TC measurement of MLC_39 samples. The curve progression is similar to results found in PMN-PT bulk ceramics. 7 At low electric fields, ECE shows a peak in the vicinity of the characteristic depolarization temperature Td. An increase of the applied electric field leads to formation of another, broader peak which shifts towards higher temperatures as the electric field increases. This second peak appears to be typical for relaxor ferroelectrics due to polar nanoregions 35, 36 or it could be a more universal property of ferroelectrics in the supercritical regime.
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Figure 7: EC temperature change ΔTEC in dependence of temperature T and electric field E for MLC_39.
The influence of the layer thickness on the ECE was investigated by DSC measurements. As can be seen in Figure   8 , the EC temperature change is independent of the layer thickness and thus the overall sample thickness in the Different metrologies were used and compared to test the reliability of direct ECE measurements. All measurement set-ups reveal a good correlation of the EC temperature change as function of both temperature and applied electric field. The best match was obtained using DSC and thermocouple (TC) measurements. Thermistor (TR) or the adiabatic calorimeter (AC) set-up revealed slightly lower ΔTEC values under high electric fields. For the DSC measurements a field independent heat capacity was assumed. Investigation of the dependence of the heat capacity with the external electric field will be required in future research. The temperature and electric field dependent behavior of multilayer ceramic structures was found comparable to bulk material for the investigated PMN-8PT
composition. The EC response is found to be independent of the single layer thickness in the studied range, but the decreased thickness compared to bulk material allows for application of higher electric fields with simultaneous decrease of the applied voltage to only a few hundreds of Volts. Under the considered conditions we measured an EC temperature change of 2.7 K under the application of an external electric field of 16 kV mm -1 (ΔU ~ 1400 V).
These excellent values confirm the significant potential of multilayer relaxor ferroelectrics for energy efficient solid-state cooling and can enable the development of an efficient heat pump technology. The ability of achieving them at common technological voltages will be key to the device success.
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